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Proton	  decay	  	
•  Baryon	  asymmetric	  process	  

–  p → e+	  +	  π0 ,	  etc	  
–  Baryogenesis	  
–  GUTs	  scaling	  physics	  	  
	  	  	  	  (in	  the	  SM,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  by	  anomalies)	  
–  Mediated	  by	  colored	  and	  flavored	  heavy	  par1cle	  

•  Low	  energy	  matrix	  element	  	  
–  p → [PS	  +	  lep]	  life1me,	  Br,	  …	  
	  	  	  	  	  needs	  QCD	  matrix	  element	  
	  	  	  	  	  ⇒ model	  predic1on	  
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GUTs	  	
•  Baryon	  number	  breakings	  

–  Mediated	  by	  X	  boson	  
	  	  	  	  minimal	  SU(5),	  dim	  6	  Op	  
	  	  	  	  predicts	  	  
	  	  	  	  ⇒ ruled	  out	  by	  recent	  SK	  results	  

	  
	  

	  
–  Mediated	  by	  colored	  spar1cle,	  Higgsino	  

(or	  wino)	  
	  	  	  	  SUSY	  SU(5),	  dim	  5	  Op	  
	  	  	  	  increase	  life1me,	  	  dominate	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  mode	  
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Proton	  life1me	  limit	
•  Recent	  Super-‐Kamiokande	  results:	  

	

Ed	  Kearns	  (2007)	

Precision	  of	  QCD	  matrix	  
element	  	  
of	  GUTs	  op.	  is	  crucial	
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Matrix	  element	
•  Expansion	  to	  dim	  6	  coupling	  

	  

•  Decay	  width	  
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W0
i :	  determine	  from	  QCD	  matrix	  element	

 ⇒ la5ce	  calculaDon	  is	  needed	

Ci	  depends	  on	  type	  of	  GUTs	  model	  

:	  3	  quark	  operator	

X,	  …	

Ci(µ)Oi(µ)/ΜGUT
2	



La`ce	  QCD	
•  The	  first	  principles	  of	  QCD	  
	  	  	  	  Determina1on	  of	  [p	  → PS]	  matrix	  element	  
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Phenomenological	  es1mate:	  
W0	  (p→π)	  ⋍	  0.1	  -‐-‐	  0.4	  GeV2	  
	  
La`ce	  results:	  
W0	  (p→π)	  ⋍	  0.1	  -‐-‐	  0.2	  GeV2	  

Proton	  life1me	  ~	  O(m3/W0
2)	  	  

⇒ factors	  of	  O(10)	  uncertain1es	



RBC/UKQCD	  efforts	
•  RBC(2007)	  

	  
–  Direct/indirect	  method	  in	  Quench	  DW	  
–  Dynamical	  effect	  (indirect	  method)	  
–  Non-‐perturba1ve	  renormaliza1on	  (NPR)	  

•  RBC/UKQCD(2008)	  
	  
–  Indirect	  method	  in	  Nf=3	  full	  QCD	  with	  dynamical	  DW	  
–  NPR	  

•  RBC/UKQCD(2011)	  
–  Direct	  method	  in	  Nf=3	  full	  QCD	  with	  dynamical	  DW	  
–  2.4	  fm3	  and	  pion	  mass:	  315	  -‐-‐	  615	  MeV	  	  
–  NPR	  
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W0	  from	  la`ce	  QCD	
•  Indirect	  method	  

–  Via	  son-‐pion	  theorem,	  	  

	  	  

–  Low-‐energy-‐constant	  is	  determined	  by	  2pt	  func1on	  which	  
easily	  and	  cheaply	  computes.	  

–  Through	  Chiral	  perturba1on	  theory,	  matrix	  element	  

	  
–  Uncertain1es	  remain	  in	  son-‐pion	  theorem	  from	  large	  mass	  

and	  momentum	  

JLQCD(2000),	  Y.	  Aoki	  (2007)	
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•  Direct	  method	  
–  Computa1on	  of	  3pt	  func1on	  including	  B	  viola1ng	  operator	  
–  Ra1o	  provides	  matrix	  element	  and	  W0	  
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W0	  from	  la`ce	  QCD	

• 	  	  No	  intermediate	  model	  including	  the	  above	  es1mate	  
• 	  	  Individually	  obtain	  W0	  which	  depends	  on	  finial	  meson	  state.	

CP-‐PACS(2000),	  Y.	  Aoki	  (2007)	

K	 p	



In	  quench	  QCD	
Y.	  Aoki	  (2007)	
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In	  full	  QCD	
RBC/UKQCD	  in	  prep.	

• 	  	  There	  is	  no	  significant	  discrepancy	  between	  each	  results.	  	  
• 	  	  Sta1s1cal	  and	  systema1c	  errors	  are	  s1ll	  large.	  
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Error	  budget	

← uncertainty	  of	  	  
	  	  	  	  	  extrapola1on	  to	  	  
	  	  	  	  	  physical	  pion	  mass	  
	  	  	  	  	  is	  30	  %	  error,	  	  
	  	  	  	  	  and	  	  
	  	  	  	  	  sta1s1cal	  error	  is	  
	  	  	  	  	  also	  20	  %.	  
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Future	  plan	
•  Improvement	  of	  sta1s1cal	  errors	  

–  New	  algorithm,	  LMA/AMA	  in	  which	  computa1onal	  cost	  can	  be	  
reduced	  by	  factor	  1/10	  -‐-‐	  1/100.	  

•  Improvement	  of	  systema1c	  errors	  
–  Computa1on	  in	  more	  realis1c	  la`ce	  parameters	  
–  Reduc1on	  of	  chiral	  extrapola1on	  uncertaity	  using	  small	  quark	  mass	  
⇒ 	  ~10%	  accuracy	  	  	  

Izubuchi	  and	  Shintani	  in	  prep.	

La`ce	  size	 Physical	  
size	

La`ce	  
spacing	

Ls	  	 Gauge	  ac1on	 Pion	  mass	

243×64	 2.7	  fm3	  	 0.114	  fm	 16	 Iwasaki	 315	  -‐-‐	  615	  MeV	

323×64	 2.7	  fm3	 0.087	  fm	 16	 Iwasaki	 295	  -‐-‐	  397	  MeV	

323×64	 4.6	  fm3	 0.135	  fm	 32	 DSDR	 171	  -‐-‐	  241	  MeV	

483×96	 5.5	  fm3	 0.115	  fm	 8	 Iwasaki	 135	  MeV	



Backup	
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non-perturbative renormalization
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OA(LV ) = (ucγµγ5d) · PLγµs

Z3/2
q Z−1

i,j

[RBC/UKQCD YA et al. PRD78(08)04505]

diagonal

off-diagonal

+8% O(!s2) error
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P	  decay	  operator	
•  Weinberg	  rep.	  

a,b,c,d :	  genera1on,	  	  α,β,γ,δ: SU(2)	  indices	  
i,j,k: color	  indices	  
General	  form	  of	  three	  quark:	  

	  
and	  matrix	  element	  
	 s:	  nucleon	  spin	
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P	  decay	  operator	
•  Parity	  invariance	  

	  

•  Rela1on	  on	  [p,n]→PS	  decay	  mode	  

In	  the	  isospin	  limit	  
⇒ total	  number	  is	  12	  	  
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W0	  in	  direct	  method	
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Results	  of	  W0	

•  For	  W0
LL[p	  → π0]	

• 	  	  Constant	  fit	  for	  
plateau	  region	  

• 	  	  Fit	  range	  [12,20]	  

• 	  	  Large	  fluctua1on	  at	  
the	  lightest	  mass	

p	 π0	
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Chiral	  extrapola1on	
•  W0[p	  → π0]	  at	  q2	  =	  0	  point	

• 	  	  Linear	  extrapola1on	  for	  2	  momentum	  
	  	  	  	  → determinis1c	  	  
• 	  	  Aner	  that	  chiral	  extrapolaton:	
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•  La`ce	  size	  
–  243	  in	  spacial,	  64	  in	  temporal	  direc1on	  
–  a‐1	  =	  1.73	  GeV,	  	  
–  1.83	  fm3	  size	  
–  Iwasaki-‐type	  gauge	  ac1on	  +	  dynamical	  DW	  

•  Domain-‐wall	  fermion	  
–  Chiral	  improved	  fermion	  by	  Ls	  =	  16	  
–  Suppressed	  O(a)	  error	  from	  χ breaking	  
	  	  	  	  and	  unphysical	  operator	  mixing	  
–  Z	  factor	  from	  NPR	  
–  m=0.005,	  0.01,	  0.02,	  0.03,	  ms=0.03	  
–  mπ=	  0.3	  GeV	  ～ 0.8	  GeV	  

Y.	  Aoki	  (2008)	
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RBC/UKQCD	  efforts	



In	  the	  son-‐pion	  limit	
•  Difference	  between	  W0	  [pµ =	  0]	  and	  ChPT	
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